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The anodic oxidation of ethylene on Au and Au-Pt alloys 
was studied at 80°C in solutions of H2so4 , K2so 4 , K2co3 , and 
KOH with pH's ranging from 0.35 to 12.7. Reaction rates were 
measured as a function of potential, pH, temperature, and 
partial pressure of ethylene. A transition region (apparent-
ly a change in the mechanism) was found in the Tafel plots. 
The following parameters were found in acid solutions 
on Au and above the transition region on Au-rich alloys, 
l ~ " 70 mv, ·alog i P T H" E' ,p 
[a log_!_l "-· 0 • 
a pH JV T p ' 
' ' E 
La-.-i.J > 0 la p V ,T,pH 
la Ea] ~ -23 Kcal/volt a V PE,pH 
Below the transition region and in basic solutions on all 
electrodes, the following parameters were found 
[ a V ] ~ 14 0 mv , 
a log i PE,T,pH H ~l > o V,T,pH 
[a log i] 
a pH V T p 
' , E 
~ 0 (in 
~ 1 (in . ; a ~ -11 
acid) [a E l 
base) a V PE,pH Kcal/volt 
The efficiency studies in J. N H2so4 showed that the 
relative amounts of co2 produced decreased with decreasing 
Pt content in the alloys. Acetaldehyde was the only other 
product detected. No co2 was produced on Au. 
The reaction mechanism in acid solutions on Au and above 
the transition region on Au-rich alloys is interpreted in 
terms of the following sequence: 
C2H4 (sol) < => C2H4 (ads) 
C2H4 (ads) --> <-- + C2H4 (ads) + e 
+ 
C2H4 (ads) + H20 r.d.s.> c 2H40H 
or, 
The corresponding rate equation is 
i = nFk aH O 8E exp(FV/RT) 
2 
(ads) + H+ 
Below the transition region and in basic solutions on all 
electrodes, the reaction sequence proposed is 
[ 
c 2H4 (ads) + H2o (sol)-> c 2H 40H (ads) + H+ + e 
r.d.s. 
c2H4 {ads) + OH (sol} ->c2H40H (ads) + e 
iii 
H20 + 
c 2H40H (ads)-->···-->co2 , CH 3CHO, H, and electrons 
The rate equation for this sequence is represented by 
(aFVl exp RT, 
iv 
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The distinctive features of electrochemical energy con-
version is the direct conversion of the chemical energy of a 
reaction into electrical energy without going through the 
intermediary of heat, thereby avoiding the Carnot limitation. 
Since it is theoretically possible to obtain electrical ener-
gy to the extent of the free energy change of the chemical 
reaction, the overall thermal efficiencies expected are near-
ly 100 percent. Hmvever, the obs~rved efficiencies of most 
electrochemical energy converters are considerably lower than 
this due to a slowness of one or more of the intermediate 
steps of the overall reaction. 
There has been a recent surge of studies on the electro-
oxidation of hydrocarbons because of their possible use as 
fuels in electrochemical cor..version. The widespread use of 
fuel cells hinges on a cheap and readily available fuel such 
as natural gas, propane, or methane that can be oxidized at 
moderate temperatures. From the economic standpoint, hydro-
carbons have a clear advantage over other fuels suggested for 
use. They also have a further advantange of being easily 
handled and distributed through established systems. There-
fore, it is important that these specialized fuel cells are 
developed and commercialized. 
Since most fuel cells studies 1 ' 2 have been concerned 
with technological aspects, the results are usually too com-
plex to allow electrode kinetic analysis. The more fundamental 
2 
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Previous studies of the electro-oxidation of ethylene on Au 
in acid7 had not been directed tm,yard determining all the 
reaction parameters which are useful in diagnosing a mecha-
nism. 
8 It has been reported that Pt alloys have shown an even 
highe~ catalytic activity than pure Pt black. This refers 
particularly to alloys of the Pt·-Ru system and to a lesser 
degree of alloys with Ir and Rh. These catalysts were found 
to be active for the oxidation of a number of organic fuels 
such as n~thanol and selected hydrocarbons. 
The object of this reported investigation was to estab-
lish the mechanisms for the anodic oxidation of ethylene on 
Au and Au-Pt alloy electrodes in aqueous solutions. It was 
believed that this research would lead to a better under-
standing of the rate processes of electrochemical reactions in 




Since electrocatalysis plays an important role in elec-
tro-organic reactions, the literature reviewed for this in-
vestigation is divided into two parts: (1) electrocatalysis 
in electrochemical reactions, and (2) anodic oxidation of 
ethylene on various metals. 
A. Electrocatalysis in Electrochemical Reactions 
Electrocatalysis has been defined as the influence of an 
inert metal electrode upon a reaction rate, when the influence 
of mass transfer to or from active sites is eliminated. Elec-
trocatalysis is closely related to the field of chemical 
catalysis, but with two major differences: (1) an influence 
of an applied electric field, and (2) an influence of the 
electrolyte on the reaction rate. The potential as an addi-
tional variable is in many ways an advantage, since the rate 
of the reaction may be varied over a wide range simply by 
varying the potential. A considerable increase in temperature 
would be necessary in order to change the rate of non-electro-
chemical reactions by the same magnitude. 
One problem in electrocatalysis is that electrochemical 
reactions are generally carried out in aqueous or non-aqueous 
solutions. Thus, the solvent may play a role in the overall 
reaction. In addition, it is necessary to study the reaction 
in highly purified solutions. Otherwise, impurities may affect 
the kinetics of the desired reactions so that the real 
4 
mechanism is obscured. As in chemical catalysis, the nature 
of electronic interactions beb·,7een the metal surface and 
reacting molecules play an important role in electrocatalysis. 
Factors that should be considered are: the magnitude of 
electronic work functions, the number of unfilled electron 
levels in d-bands, the structure of the adsorbing crystal 
planes, the electron affinity of the adsorbing species, the 
presence of unpaired and rr electrons, the effect of steric 
hindrance, and the energies of the adsorbing species. A 
brief consideration of these follows. 
1. Ele~tronic Factors 
The principal electronic factors associated with 
active metal catalysts, particularly the transition metals, 
are the electronic work function and the number of unfilled 
electron levels in the d-bands. Three distinctive groups of 
metals have been obtained when the exchange current (i ) for 0 
the hydrogen evolution reaction is compared to the \vo.rk func-
tion of the meta1 9 . The high overpotential metals fall in one 
gr0up, the medium overpotential metals in another, and the 
low overpotential metals in a third. These three groups are 
associated with the slow discharge, slow electrochemical 
desorption, and slow recombination mechanisms, respectively. 
In another study, plots of overpotential at a constant current 
density versus the heat of adsorption of hydrogen on the metal 
(the percent d-hand character increases as the heat of adsorp-
. . d' t' 10 tion decreases) showed a separat1on 1nto two 1s 1nct groups . 
5 
The effect of d-band character (or d-vacancies) on the 
hydrogen electrode reaction is also illustrated in the work 
of Damjanovic et al., using Au, Pd (or Pt), and their 
alloys 11 h'i th an increasing Au-content of the alloy, i 
0 
decreases fairly sharply until at 60 percent Au, whereafter 
the change is considerably slovJer. At 60 percent Au the 
d-band is completed and no further change in activity would 
be expected above this composition. A linear relationship 
'1-las found between log i and the number of unpaired 
0 
d-electrons/atom in these alloys. In another study, Conway 
et al., also found a similar relationship for hydrogen evolu-
tion on Cu, Ni, and their alloys 12 • 
Rao et al. ; coulometrically de-termined the oxygen cov-
13 
erage at one atmosphere pressure on a number of metals . 
The results showed lliat unpaired d-electrons participated 
directly in the bonding of the metal atom to oxygen (Table I.) 
Au, with no unpaired d-electrons, had the lowest oxygen cov-
erage, while Ru with the highest number of unpaired electrons 
had the highest. 
The influence of electronic factors on the electro-
reduction rate of oxygen has been studied on a number of 
14 metals and alloys . From the Tafel curves for the metals Pt, 
Pd, Ir, R~, and Au in acid solutions, it appears that Au with 
no unpaired d-electrons has a significantly lower exchange 
current density than the other metals. Rh and Ir which have 
the same nunilier of unpaired electrons shov.r essentially iden-









RELATIONSHIP OF OXYGEN COVERAGES TO NUMBER OF UNPAIRED d-ELECTRONS/ATOM 
FOR THE NOBLE METALs13 
Observed Oxygen Calculated Oxygen Fraction of Surface Number of Unpaired 
Coverage of a Monolayer Covered by Oxygen d-Electrons/Atom 
~C/cm 2 ~C/cm 2 
110 510 0.22 0.55 
110 500 0.22 0.55-0.6 
135 500 0.27 0.55-0.6 
480 530 0.90 1.7 
440 525 0.84 1.7 
500 530 0.95 2.2 
<15 <0.03 0 
0'1 
7 
The current-potential behavior of a series of Au-Pd 
alloys shows (1) the value of the rest potential decreases 
in going from Pd to Au, and (2) Au and 75Au-25Pd alloy have 
considerably higher Tafel slopes t.han Pd and the other alloys 
which exhibit nearly the same slope. Thus, a change in mech-
anism occurs at approximately the composition where the 
d-bands are filled. 
A proposed explanation of the influence of the d-vacancy 
on the electLocatalysis of oxygen reduction is that chemi-
sorbed oxygen is an intermediate in the reaction and that the 
H·-0 bond strength varies with the percent d-vacancy. 
Recently, a parabolic (volcano type) relationship between 
the exchange current density for ethylene oxidation and t.he 
latent heat of sublimation of the electrode metal was 
obtained by Kuhn and Bockris (See Figure 1) 15 . A similar 
relationship was found for alloys of Pd and Rh. This was 
proposed as a possible method to determine the composition 
of alloys to substitute for the pure metals. 
From the parabolic relationship, it may be inferred that 
on the left-hand side of the peak that adsorption is rate 
determining since there is an increase of rate with heat of 
sublimation. This can be shown with the Pauling equation 
which relates the strength of an adsorption bond with the heat 
+ bl' t' 16 o~ su 1ma 10n . Using similar reasoning, a desorption step 
\vould control the rate of the overall reaction on the right-
















Figure 1. Effect of latent heat of sublimation on catalytic 
activity for the anodic oxidation of ethylene. 15 
8 
9 
2. Geometric Factors 
Only a small amount of work has been done to examine the 
influence of geometric factors on electrochemical reactions. 
The metals usually studied in the electro-oxidation of organic 
compounds (Pt, Pd, Rh, Ir, and Au) have similar lattice param-
eters. They all have face-centered cubic structure and their 
0 
atomic radii do not vary over 0.1 A. 
Hydrogen overpotential measurements have been made on 
th . tl 1 fN.l? e var1ous crys a p anes o 1 . The (III) plane, which 
is the most densely packed plane, showed the highest activity. 
No effect of grain size on the rate of hydrogen evolution on 
platinized Pt has been observed, however, small grain sizes 
18 
were not used • 
In a study of formic acid oxidation, Gottlieb found that 
the only effect of the platinization of Pt was to increase 
the true area of the electrode19 . Similar results were ob-
20 tained for the oxidation of other hydrocarbons This indi-
cates that increased roughness of the electrode surface does 
not affect the catalytic activity. The effect of defect con-
centration in electrocatalysis has not been studied for organic 
oxidat.ions. One study of hydrogen evolution on iron showed a 
ten-fold increase in the rate factor when 0.1 percent C was 
. d . f. d . 21 1ntro uced 1nto zone-re 1ne 1ron . In general, geometric 
factors play a small role and in many cases cannot be sepa-
rated from the electronic factors. However, they can become 
important if the internuclear distances of the metal atoms are 
not within a certain range, particularly if more than one site 
10 
attachment is involved in adsorption 22 
B. Anodic Oxidation of Ethylene 
l. Ethylene Oxidation on Platinum 
Ethylene oxidation in alkaline solution of Pt has been 
studied by Green et a1. 5 Their current-voltage curves indi-
cate Tafel slo9es of (2) (2.3 RT/F). They reported no signif-
icant influence of ethylene partial pressure on the Tafel 
slope or the exchange current. There were upper limits on 
the Tafel curve. Limiting currents were attributed to both 
electrode passivation and transport of ethylene to the elec-
trade. In the latter case, the limiting current was depend-
ent on stirring 2.nd the partial pressure of ethylene. Mea-
surements made over extended periods of time showed that the 
electrode became continuously less active. This phenomenon was 
attributed to the formation of an oxide layer on which the 
rate of ethylene oxidation was significantly lowered. Exper-
iments were also carried out in a closed cell arrangement, 
where ethylene consumed at the anode and coulombs of charge 
passed could be measured simultaneously. Within experimental 
error, it was found that one mole of ethylene involved the 
passage of twelve Faradays of charge showing the ethylene was 
totally oxidized, i.e., 
( 2. 1) 
11 
The following mechanism was proposed: 
OH- (sol) r.d.s.> OH (ads) + e ( 2. 2) 
( 2. 3) 
( 2. 4) 
The formation of oxide films in alkaline solution was 
taken as strong evidence for the occurrence of OH- discharge. 
It was postulated that oxide formation commenced only when 
the surface concentration of hydroxyl radicals achieved a 
sufficiently high coverage, i.e., 
2 M-OH (high COVf~rage) --~ 2 M-0 + H 2 0 ( 2. 5) 
Thus, extensive OH discharge lead to surface oxide formation 
and passivation. 
Wroblowa et al., studied the oxidation of ethylene on 
platinized Pt in acid and alkaline rnedia6 . They found the 
faradaic efficiency for oxidation of the ethylene to carbon 
dioxide in acid solutions to be 100 ± 1 percent. In 1 N NaOH, 
the efficiency was 90 ± 5 percent. The values for complete 
oxidation were calculated according to the reactions: 
c 2H4 + 4 H2 0 -->2 C0 2 + 12 H+ + 12 e (in acid 
solutions) 
c2H4 + 12 OH--->2 co2 + 8 H20 + 12 e (in basic 
solutions) 
( 2. 6) 
( 2. 7) 
For 1 atm ethylene partial pressure, linear Tafel regions with 
slopes of 140-160 mv were found over the pH range 0.5 to 12.5. 
12 
At higher potentials, the current rapidly decreased to negli-
gible values. This was explained as passivation of the 
electrode, similar to that proposed by Green, et a1. 5 
Current-potential relations were determined at ethylene 
-1 -2 -3 -4 partial pressures of 10 , 10 , 10 , and 10 atm. The 
length of the linear Tafel region decreased considerably at 
lower pressures due to the current becoming diffusion 
limited. For a constant potential, the current was found to 
increase with decreasing ethylene partial pressure, in other 
words, 
( 2. 8) 
This inverse pressure effect showed that th,2 rate determin-
ing step involved a substance whose adsorption required a 
surface free of ethylene (or any intermediate derived there-
from) . 
The current-pH relationship was found to be 
[a log i] = _0 _45 a pH V,T,PE 
(2.9) 
A study of the temperature effect in 1 N H2so 4 for an 
ethylene pressure of 1 atm was made. An apparent activation 
energy of 20.5 ± 1 Kcal at 0.380v was calculated. No system-
atic change with potential was found. This was attributed to 
experimental er~or arising from the limited temperature and 
potential range over which the measurements could be carried 
out. The activation energy at the reversible potential 
13 
was calculated as 17 ± 2 Kcal . 
The most probable mode of ethylene adsorption is 
c 2H4 + 2 M -> H2~--~H2 (2.10) 
M M 
Evidence was given that ethylene adsorbed onto Pt with a four 
point attachment. Thus, the isotherm employed was of the 
form 
or, 
4 (0 )/(1-0 ) E E 
Experimental values of Kp were reported as 
2.3 < K < 150 p 
The reaction sequence was represented as 
+ (sol) --> OH (ads) + H (sol) + e 
r.d.s. 






( 2. 15) 
H 0 
c 2n 4oH (ads)-->·?·->2 co2 (sol)+ 11 H+ (sol) 
+ 11 e (2.16} 
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The coverage of all intermediates would be small in compari-
son with the coverage of the ethylenic radical, since they 
would be formed after the rate determining step and not in 
equilibrium due to the constant removal of the final product. 
From this reasoning, it was concluded that 8T ~ 8E. 
the rate equation was expressed as 
i = k a 2.14a H2o 
(1-8 ) E exp [a~~] 
or 
i k2 .14b aOH- (1-8 ) ( aFV] = exp RT E 




explain the observed pH effect. For this modification, it 
was assumed: (1) H2o undergoes charge transfer only when 
oriented with the 0 atoms toward the electrode, thus in-
creasing the fraction of water molecules which could react 
at increasing pH. (2) The potential of zero charge of Pt 
changes with pH according to the equation 
V = V0 + RT ln a + pzc pzc p- · H (2.19) 
Introducing these assumptions into the rate equation gives 
It was further concluded that since the variation of log i 
with pH remained constant throughout the entire pH range 
and since II 2o discharge was the only way to supply adsorbed 
15 
OH in acid solutions, H2o discharge was the rate determining 
step for the entire pH range. 
2. Ethylene Oxidation on Various Noble Metals 
Dahms and Bockris studied the electro-oxidation of 
ethylene on noble electrodes (Pt, Ir, Rh, Au, and Pd) in 
sulfuric acid solutions at 80°C 7 . The primary objective 
of this investigation was to determine the relative electro-
catalytic activity of the metals; however, some mechanisms 
were suggested. A surr@ary of their results is presented in 
Table II. Pt, Ir, and Rh were found to behave somewhat sim-
ilarly, as did Au and Pd. 
In 1 N Na 2so4 solutions in which the concentration of 
H2 so4 varied from 0.01 to 1M, the reaction rates for the 
group Pt, Ir, and Rh were found to vary in the order Pt > 
Rh > Ir. Other parameters such as the extent of oxidation, 
Tafel slopes, pH effects, partial pressure effects, and 
temperature effects were found to be consistent with the re-
sults presented by Wroblowa et al., earlier in the discussion 
of the anodic oxidation on Pt. Therefore, it was concluded 
that water discharge was the rate determining step for the 
anodic oxidation of ethylene on metals of this group. 
A differing behavior was found within the groups in that 
the lengths of the linear Tafel region for Ir and Rh were 
very short compared to Pt and similarly the length for Pd 
was shorter than for Au. The limited linear region was 
attributed to oxide formation which tended to passivate the 
Metal Reaction Product 
Pt C0 2 
Ir co 2 
Rh co 2 
Au No C0 2 
Aldehydes 
Pd As Au 
T~.BLE II 
ETHYLENE OXIDATION fu~D CHARACTERISTIC PROPERTIES OF THE MET~Ls 7 
"Chemical" pH Tafel Slope Vacant Heat of 
Reaction Rate Dependence [a a l~g i JrH P.Z.C. d-Orbitals Sublimation at P.Z.C. [a a P~j i per Atom 
amp/em 2 mv mv v (SHE) Kcal/gmole 
-
lxl0- 7 70 160 +0.30 0.55 135 
lxlo- 11 75 132 +0.05 1.5 165 
5xl0-ll 70 155 +0.05 1.5 138 
lxl0- 11 0 72 +0.30 0 84 





Vastly different results from those on the Pt, Rh, Ir 
group were obtained for Au and Pd. For these, the predomi-
nant reaction products were aldehydes and ketones with ap-
parently no co2 production. Thus, the approximate number of 
electrons transferred per ethylene molecule was two. 
Current-potential plots of Au and Pd in 1 N Na 2so4 
solutions, in which the concentration of H2so4 ranged from 
0.1 to 2M H2so4 indicated that pH had essentially no effect 
on the Tafel curves. The slopes of the linear Tafel region 
were found to be 70 rnv for the Au electrode and 80-110 mv 
for Pd. 
For a constant potential, the current was found to de-
crease with decreasing ethylene partial pressure, i.e., a 
positive pressure effect: 
[a i j > 0 
a PE V,T,pH 
(2.21) 
The mechanism proposed for the Au, Pd group was 
(2.22) 
(2.23} 
+ + H (sol) (2.24) 
(2.25) 
It was emphasized that further work was needed to verify 
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the above mechanism, but that it was consistent with the 
limited resul~s that were obtained. 
A hypothesis was presented to explain the differences 
in the oxidation products of the two groups. As seen in 
Table II, there is a large difference in the heats of sub-
limation of the first and second groups. Using these data 
and Pauling's equation, it was found that the bond strengths 
between the carbon atoms and the metals in the first group 
were about 20 Kcal higher than those of the second group. 
Consequently, the bonds between the metal-organic inter-
mediates on the Au, Pd metals could be broken more easily, 
resulting in a higher rate of desorption which would yield 
intermediate oxidation products. 
Dahms and Bockris also determined the oxygen coverage 
at various potentials for the five metals involved in their 
s-tudy. It was concluded that the rate at which the oxidation 
could occur is limited primarily by a competing oxide forma-
tion at higher potentials in the order Rh > Ir > Pt, Pd > Au. 
This conclusion was consistent with the experimental results. 
3. Ethylene Oxidation on Noble Metals and Alloys 
Kuhn et al., studied the anodic oxidation of ethylene 
on smooth noble metals and certain binary alloys in aqueous 
15 
solutions at 80°C (See Table III) . Attempts were rnade to 
correlate catalytic activities from heterogeneous gas re-
actions. Homogeneous, non-porous metallic phases \.vere con-
sidered and variations in these single phases on the reaction 
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TABLE III 
PARAMETERS IN THE ELECTROCHEHICAL OXIDATION OF ETHYLENElS 
Metal Tafel ~ M Reaction Coverage ~H20] i or Slope apE Product with (0.6 v) Alloy H Ethylene 1 D 0 2 
-1 
amp/em 2 mv atm 
Pt 140 -0.2 0.45 co2 1 1.5-2.5 Sxl0- 6 
Pd 190 +0.5 0.5 50% co2 2xl0- 7 
Balance 
Aldehydic 
lxl0-7 Rh 160 +0.5 0.5 co2 0.02 4-5 
Ir 160 +0.5 0.5 C0 2 3xl0-7 
Au 200 +0.5 0.5 As Pd 0.3 4-6 2xl0-7 
-8 Os <lxlO 
Ru 165 lxl0- 7 





20-80 6x10_ 7 




25-75 7x10_ 6 
so-so 170 1. Sx10 __ 8 
75-25 3x10 




80-20 160 8x10:7 
so-so SxlO 
Pt-Ni 4x10- 7 85-15 170 
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mechanisms were examined. The choice of substrates was 
limited to metals and their alloys which neither corrode 
nor passivate in the potential range for et~ylene oxidation 
(0.3-0.9v SHE~ For alloys, such as those containing Ni or 
Cu, increasing amounts of the non-noble constituent were 
introduced so that the highest possible amount of non-noble 
component could be determined which did not result in dis-
solution of the alloy during passage of an anodic current. 
Studies in isotopic substitution also were carried out. 
A comparison of anodic reaction rates occurring on the same 
metals in aqueous and deuterated electrolytes offered an 
additional criterion in the elucidation of reaction mecha-
nisms under conditions where the electrolyte was the only 
source of hydrogen/deuterium atoms. The isotope effects 
were estimated for various possible rate determining steps 
and are presented below: 
(1) Rate determining or preceding steps do not involve 
the breaking of bonds in water molecules. This type of 
k d '1' 23 f mechanism was postulated by Bagots y an Vas1 1ev or 
oxidation of organic alcohols and acids of the type R-H 




No primary isotope effect would be expected, and only a 
. 
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secondary isotope effect would result from the slight dif-
ference in the reduced masses of species n3o+ and DH 2o+ with 
correspondingly small frequency differences. The effect on 
the rate of reaction of this is negligible. 
(2) Rate determining step involves the breaking of bonds 
in a water molecule. 
(a) R.d.s. is water discharge. Both the transition 
states, 
(2. 28) 
M + + e (2.29) 
and hydration of the proton and deuteron formed, i.e., forma-
tion of the H+· • •0.....-H and D+· • ·0.....-D bonds, 'will contribute to 
'H 'D 
the isotope effect. The ratio of current densities is esti-
mated to be 1 < iH/i 0 ~ 2o7. 
(3) R.d.so involves an OHO radical following water dis-
( 2. 30) 
R (ads) + OH (ads) r.d.so:> ROH (2 0 31) 
Under Langmuir conditions, at constant temperature, pH, and 
potential for a given metal, G0 H;e00 = KH/K0 , the current 
density ratios are calculated to be iH/i0 = G0 H/000 = KH/Ko -
3 0 lo 
22 
(c) R.d.s. occurs after n OH radical groups have 
reacted with the hydrocarbon. For this case, iH/i0 = 
(KH/KD)n. 
The kinetics of ethylene oxidation were su~~arized in 
the form of three empirical equations: 
rate on Pt = k C l/n C-0.5 exp(FV/2KT) 
Pt E H+ 
( 2. 32) 




rate on Pd, Au 
1/IIL k c Pd,Au c-0.5 
= Pd,Au E H+ exp 
(FV/3RT) (2.34) 
Equation 2.32 applies to Pt, equation 2.34 to Au and Pd, and 
equation 2.33 to all other substrates used. 
Interpretation of the empirical equation 2.32 has been 
given previously in terms of a reaction path in which water 
discharge was the rate determining step. The value of the 
isotopic effect iH/iD = 1.5-2, tended to confirm this mecha-
nism. 
For equation 2.33, both the adsorbed organic and the OH 
radicals must be involved in the rate determining step. The 
mechanism which corresponds to this condition is: 
(2.35) 
+ H 20 < > OH (ads) + H + e (2.36) 
C I~ ( d ) + OH (ads) r.d.s.> CH 2 -CH 20H (ads) (2.37) 21.4 as 
23 
The isotope effect was predicted to be approximately 4.8. 
The unusual Tafel slope, 3RT/F, was observed for Au and 
Pd. Assuming a reaction path, as shown in equation 2.35 
through 2. 3 7, follmved by parallel reactions: 
desorption ,........o 
---/CH3 -c......._H 
M-CH -CH -OH 2 2 
+ + H + e (2o38) 
~H-CH-CH" 
'd t' 2 
+ H 0 oo• CO 2 2 (2o39) 
OXl a lOll 
One may write for the steady state (assuming back reactions 
to be negligible) o 
-dGC H OH 
2 4 
dt = 0 = 
At constant pH, PE and To 
(aFVJ k exo --
r. do so - RT 
v d - vd - vox r o o so es (2o40) 
The total current iT observed is the sum of currents leading 
to aldehydic products and co2 • 
+ 12 k J (2o42) 
ox 
Substituting in equation 2o41 and differentiating with respect 
to potential gives 
aF 
= RT [ 1 + 6 
k des 
24 
ox k l-1 
-1 
(2.43) 
The term k /kd exp(aFV/RT) = Z is the ratio of the rates ox es 
of the parallel oxidation and desorption reactions, which 
must be close to one if both parallel reactions are to take 
place with significant efficiencies. From equation 2.43 it 
follows that for 0.1 < z ~ 4, the apparent Tafel slope will 
be close to 3RT/F (with maximum deviation less than 20 per-
cent over a range of more than 220 mv. This seems to conf-
irm earlier work on Pt, and shows the observed Tafel slope 






The experimental plan for this investigation consisted 
of the following major phases: 
(1) current-Potential Studies Tafel curves were ob-
• 
tained for solutions whose pH ranged from 0 .. 35 to 12.7. 
The necessary quantities of H2so 4 , K2so4 , K2co3 , KOH, and 
distilled water were used to obtain a desired pH. The 
normality of solutions was kept constant at 1 N. 
(2) Current-Temperature Studies The temperature de-
pendence of the current was studied under conditions of 
constant potential and ethylene partial pressure. The tem-
perature was varied from 80°:C tq 55°C. 
(3) Current-Par,tial Pressure Studies. The effec.t of 
ethylene partial pressure on the current was studied at con-
stant potential,temperature, and pH. 
(4) Coulombic Efficiency Studies. The efficiency of 
+ conversion of ethylene to co2 and n2o (or H ) was studied 
galvanostatically. Reaction by-products were also analyzed 
with a gas chromatograph. 
Five electrodes from the Pt-Au system were used. Their 
composition (atomic percent) were 80Pt-20Au, 60Pt-40Au, 
40Pt-60Au, 20Pt-80Au,and 100 Au. All studies were made at 
80°C except for the activation energy determinations. 
A complete discussion of each section, including appa-
r.;ttus, procedure, results, and sample calculations is pre-
sented in this chapter. 
A. Materials 
A complete list of the materials and reagents used in 
this investigation is contained in Appendix B. 
B.. Electrodes 
The working electrode, or anode, was Au or an Au-Pt 
alloy. The cathode was platinized Pt .. Two reference elec-
trodes were used, calomel (1 N KCl) for alkaline solutions 
and mercurous sulfate (1 N H2so4 ) for acid solutions. 
1. Anodes 
The anodes were made of Au sheet with 15.08 cm2 area 
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(3.45 em width by 4.37 em height) or Au-Pt alloy sheet with 
15 cm2 area' {3. 75 em width by 4.00 em height). A small hole 
was drilled near the top and a thin wire ( of the same com-
position as the anode) looped through it and securely 
fastened. The wire lead outside the electrolytic cell was 
through a sealed four mm glass tube. 
X-ray diffraction analysis showed that the alloy elec-
trodes were two phase, a 1 (Pt-rich) and a 2 (Au-rich). The 
relative amounts of the two phases were: 80Pt-20Au(82~1 ,lsa 2 ), 
60Pt-40Au(67a1 ,33a2 ), 40Pt-60Au{25a1 ,7sa2), and 20Pt-80Au 
(2a1 ,9sa2 ). 
2. Cathode 
The cathode was a piece 52 mesh Pt gauze folded on a Pt 
wire frame for support. The Pt lead wire was also sealed in 
a four mm glass tube. The electrode was platinized using a 
27 
platinic chloride solution to which a trace of lead acetate 
had been added. The cathode geometric area was approximately 
2 15 em • 
C. Current-Potential Studies 
1. Apparat\lS 
A list ·of the apparatus used in this study is in Appendix 
C. A diagram of the cell and electronic e.quipment is shown in 
Figure 2. The cell of Pyrex ·glass had three compartments: 
anodic, cathodic, and reference. The anodic and cathodic com-
partments (capacity. 600 ml.} were separated by a water-sealed 
stopcock which was open for potentiostatip and closed for 
galvanostatic operation. The reference el.ectrode was con~ 
'•r 
nected to the anodic compartment through,a wa.ter .... sealed stop: 
cock and Luggin capillary. The reference electrodes were at 
room temperature during the experiments. All potentials of 
the working electrode were referred to the SHE at zero at 
the temperature of the experiment by means of a procedure 
described previously24 • Both electrode compartments contained 
inlets and water-sealed outlets for the nitrogen and/or 
ethylene flow. The temperature in the anodic compartment was 
controlled to within ± 0.5 C0 • Heat was supplied by an 
electric heating tape wrapped around the compartment. The 
heating and cooling cycles were made approximately the same 
by adjusting the voltage to the tape with a variable trans-
former. 
A dual-flow proportioner was used to control the gas 
c 
, ( c 
,__ ____ _,,.. "\.. 
l 
.................... ) ~ 
1#+-H~i. 0. i , J 
l++++ti 0 





B. D .. P.D.T. SWitch 
c. Electrom-eter 
D. Potentiostat 
E. Reference Electrode 
P. variac 
G. Uectrical Relay 
: 































,f#;~~:, ~... pi~gram of the apparatus used for potentiostatic studies 
in the anodic oxidation of ethylene. 
•; :',' 
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flow rate into the anode compartment. It could be used to 
meter both ni t.rogen and ethylene flow rates independently. All 
measurements were made with constant flow rates into the cell. 
A potentiostat was used to maintain a constant potential 
difference between the working and reference electrodes. The 
current was recorded from the potentiostat output. 
2. Procedure 
An important part of the procedure was the anode acti-
vation before each experiment. The Au electrode was placed 
in 1 N H2so4 solution along with a small Au strip which acted 
as a counter-electrode. 'A power supply was connected to the 
electrodes through a d.oUble•po.le doUble-throw switch so that 
the polarity of the· current couia be reversed rapidly. The 
electrode was alternately made'··cathodic {hydrogen evolution) 
and aneQia {oxygen evolution} with a constant current of two 
amperes for pulses of ten seconds during a one minute period. 
The pulsing was stopped on a cathodic pulse and hydrogen 
was evolved·for two minutes. For the Au-Pt alloy electrodes, 
the co~nter-electrode used in activation was a small strip of 
platinized Pt. Because of the possibil~ty of selective dis-
solution of one component of the alloy, the pulse technique 
was not applied. The electrodes were activated by passing 
four amperes cathodic current (hydrogen evolution) for ten 
minu-tes~l After activation, the anode was immediately removed, 
rinsed with distilled water, and transferred to the cell. 
The b·ell had been previously charged with sufficient 
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electrolyte to completely cover the electrode. The electrode 
was adjusted so that its bottom edge was very near the Luggin 
capillary. Nitrogen purging and heating was started and 
after one hour, the nitrogen flow to th,e anode compartment 
was stopped and ~thylene was introduced. Potential meas-
urements were begun when nitrogen flow and heating con;unen~ed. 
' 
The po~ential was allowed to come to a steady state with ho 
' 
current flowing (rest potential}. The potential on the anode 
was then increased approximately 0.05 to 0.10 v above the 
rest pqtential and held constant by means of the potentiostat. 
p:-i 
The cur;rent was recorded continuously and after it had come 
I 
to a s~eady state, the potential was again increased by 
~t:'' 
, ;:11-, c·f ~.025 v or 0.050 v, ;J.fhe ste* state was arbitrary defined 
; "',# ,. 
as that! value of ~~re:~;rt.··~bich :e,changed less than 10 perc;:ent 
,. ;a;;\.;· ' 
~~~,:""'" ' ;·::. 
in one hour). This;t•,;procedur~ was continued until a limiting 
,, . f~p· 
value O:f current' \.,as re,.i\Ch~d. 
3. Data .~nd Results 
C~rent-potential relationships were determined in 
j 
solutiop.s with pH's.0.35, 1.4, 3.0, 10.1, 10.9, and 12.7 at 
80°C. The normality of the various .. solutions was kept con-
stant at 1 N. The ethylene pressure was 1 atm and its flow 
' .,1',1!1". 3 
rate was 100 em /min. 
The data c;tr~, tabula~d in Appendix .D. Tafel plots are 
shown in Figures 3 to 8. There is an apparent transition 
in the curves of acid solutions on Au-Pt alloy electrodes. 
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Figure 3. Tafel. curves for the anodic oxidation of ethyl.ene on Au 
at 80°C (PE = l. atm). (pH = 0, 0.35; A , 1.4; 0 , 
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1 . I 2 og l., amp em 
Tafel curves for the anodic oxidation of ethylene on 
80Au-20Pt alloy at 80°C (PE= 1 atm). (pH=(), 0.35; 
























2 i, amp/em 
-4 
-3 
Tafel curves for the anodic oxidation of ethylene on 
60Au-40Pt alloy at 80°C (PE = 1 atm). (pH= 0, 0.35 
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1 . I 2 og ~, amp em 
Tafel curves for the anodic oxidation of ethylene on 
40Au-60Pt alloy at 80°C (PE = 1 atm). (pH=(), 0.35; 
~ , 1. 4; 0 , 3 • 0; • I lO. 1; A , 10. 9; • , 12 • 7) 
o.a 
0.6 

















2 i, amp/em 
Tafel curves for the anodic 
20Au-80Pt alloy at so~c (PE 
0.35; ~ 1 1.4; 0, 3.0; ., 
35 
-4 -3 
oxidation of ethylene on 
= 1 atm). (pH = 0, 
10.1; A., 10.9; ., 12. 7) 















2 i,. amp/em 
-4 -3 
Tafel curves for the anodic oxidation of ethylene on 
smooth Pt at 80°C (PE = l atm). (pH = 0 , 0.35; 
• , 12. 7) 
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have different slopes. The values of the slopes are approx-
imately 70 mv (70 to 80 mv) in acidic solutions on Au and 
above the transition region on Au-rich alloys. In basic 
solutions and_below the transition region, the slopes are 
approxima.tely 140 mv (130 to 150 mv) on all electrodes. The 
linear Tafel region was very short in basic solutions com-
pared to acid. Increasing the potential above the linear. 
region indicated the electrode to be passivated. 
The rest potential obtained for the various electrolytes 
are shown in Table IV. They decreased with increasing pB. 
After each run, the anode was observed to be as clean 
as before the run. There was no·evidence of formation of 
any polymerization products on the anode and no discoloration 
of the anolyte during extended periods of operation. 
D. Current-Temperatu·re st·udies 
1. Apparatus 
The apparatus employed in this section was the same as 
that described in the previous s_ection. 
2. Procedure 
The cell was charged with solution, and the anode was 
activated and positioned as described previously. The 
potential was held constant at values within the linear 
Tafel region. · The ethylene pressure was kept constant at 
1 atm. The temperature was adjusted with the temperature 









REST POTENTIALS FOR ETHYLENE ON Au AND Au-Pt ALLOYS 
IN AQUEOUS SOLUTIONS AT 80°C (PE = 1 atm) 
-
Rest Potentials, v(SHE) 
Au B0Au-20Pt 60Au-40Pt 40Au-60Pt 
0.605 0.397 0.417 0.397 
0.597 0.357 0.362 0.367 
0.407 0.287 0.257 0.267 
-0.053 -0.001 
-0.001 -0.011 













thermometer was also incorporated in.the cell to check the 
temperature of the solution. The temperature was varied 
from 80 to 55 or 60°C depending on the magnitude of the cur-
rent at the lower value by increments of 5 C0 • 
3. Data and Results 
The temperature studies were conduct~d in 1 N H2so4 
(both below and above the transition region) and 1 N KOH 
solutions. The experimental data are tabulated in Appendix D. 
Arrhenius plots have been prepared and are shown in Figures 9 
to 13. 
The slopes of the curves were determined and the appar-
ent activation energy calculated for each. These values and 
the change in the activation energy with respect to the po-
tential (aEa/3V) are shown in Table v. This latter quantity 
(oEa/oV) will be referred to later in the discussion as it 
can be derived from the reaction mechanism. 
4. Sample Calculations 
The sample calculations for this section are based on 
the data in Table XVIII. The data for the test in 1 N H2so4 
at a potential of 0.897 v on the Au electrode were selected 
for the sample calculations. 
The Arrhenius equation involving the activation energy is 
log k-
Ea 











2.8 2.9 3.0 
Figure 9. Current-temperature relation for the anodic oxidation 
of ethylene on Au (PE = 1 atm). ( (), 0.897 v, 1 N 
H2so4 ; • , 0 .. 847 v, 1 N H2so4 ; .6_, 0.104 v, 1 N KOH; 









l 3 ox-1 T.lO , 
3.0 
Current-temperature relation for the anodic oxidation 
·of ethylene on 80Au-20Pt alloy (PE = 1 atm). 
< 0, 0.897 v, 1 N H2so4 ; e, o.a47 v, 1 N H2so4 , 
~~ -0.071 v, 1 N KOH; ~' -0.121 v, 1 N KOH; 
0, 0.597 v, 1 N H2S04; • I 0.547 v, 1 N H2S04J 










1 3 OK-1 T.lO , 
3.0 
Current-temperature relation for the anodic oxidation 
of ethylene on 60Au-40Pt alloy {P E = l. atm) • 
((), 0.872 v, 1 N H2so4 ; 41, 0.822 v, 1 N H2so4 ; 
~' -0.071 v, 1 N KOH; ~~ -0.121 v, 1 N KOH; 
0, 0.597 V 1 1 N H2so4;. , 0.547 v, l N H2so4 1 














1 3 OK-1 T.lO I 
3.0 
Current-temp~rature relation for the anodic oxidation 
of ethylene on 40Au-60Pt alloy (PE = 1 atm). 
{ 0 I 0.822 VI 1 N H2S04; • I o. 772 VI 1 N H2S04; 















1 3 OK-1 T.lO I 
Current-temperature relation for the anodic oxidation 
of ethylene on 20Au-80Pt alloy (PE = 1 atm}. 
(Q, 0.847v, 1NH2so4 ; 8, 0.797v, 1NH2so4 ~ 
6., -0.096 v, 1 N KOH; A, -0.146 v, 1 N KOH) 
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TABLE V 
APPARENT ACTIVATION ENERGIES FOR THE ANODIC OXIDATION 
OF ETHYLENE ON Au AND Au-Pt ALLOYS (PE = 1 atm) 
Electrode Solution Potential Activation -aE ;av 
Energy a 
v (SHE) Kca1 Kcalfvolt 
Au 1 N H2so4 0.847 19.2 23.0 
0.897 18 .. 05 
1 N KOH 0.054 26 .. 59 12.0 
0.104 25.99 
80Au-20Pt 1 N H2so4 0.847* 19 .. 61 21.6 
0.897* 18.53 
0.547** 19.46 12.4 
0.597** 18.84 
1 N KOH -0.121 22.99 11 .. 4 
-0.071 22.42 
60Au-40Pt 1 N H2so4 0 .. 822* 18.33 22 .. 4 
0.872* 17.21 
0.547** 18.26 12.8 
0.597** 17.62 
1 N KOH -0.121 23 .. 33 12.6 
-0 .. 071 22.70 
40Au-60Pt 1 N H2so4 0.772 21.44 12.8 
0.822 20.80 
1 N KOH -0.121 28.28 11.4 
-0 .. 071 27.71 
20Au-80Pt 1 N H2so4 0.847 22.70 10 .. 2 
0.897 22.19 





Since k is proportional to the rate, or current, Ea may be 
calculated from the slope of a plot of log i versus 1/T where, 
slope = 
log i 2 - log i 1 
--~1----~1~----~- -3,945°K 
T2 - Tl 
E 
a = - (2.303) (R) (slope) ; 
- - (2. 303) (1. 987) (-3, 945) 
- 18,050 cal (or 18.05 Kcal) 
E. Current-Partial Pressure Studies 
1. Apparatus 
The apparatus used was the same as that described pre-
viously. 
2. Procedure 
The procedure was essentially the same as discussed 
previously. However, after obtaining a rest potential, a 
potential inside the linear Tafel region was selected and 
a steady state current obtained at 1 atm ethylene partial 
pressure. The partial pressure then was reduced and the 
corresponding steady state current recorded. In order to 
get sizable current changes, the partial pressure was varied 
in the order 1.0, 0.3, 0.1, 0.03, and 0.01 atm. The partial 
pressures were obtained by diluting the ethylene with nitrogen 
.using a dual-flow gas proportioner. The total gas flow rate 
was kept constant at 100 cm3/min. 
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3. Data and Results 
Two or three partial pressure studies were carried out 
in 1 N H2so4 {both below and above the transition region) and 
in 1 N KOH at constant potential. The data obtained are 
listed in Appendix D and are also shawn in Figures 14 to 18. 
The current decreased as the partial pressure of ethylene 
decreased in acid and basic solutions on all. electrodes, i.e., 
the system exhibited a positive pressure effect. 
F. Coulombic Efficiency Studies 
A sketch of the apparatus as used in this section is 
shown in Figure 19.. The power for the constant current 
{galvanostatic) experiments was supplied by a constant 
voltage power supply. A large power resistor was placed in 
series with the cell to keep the current constant •. A gas 
trap (maintained at 0°C) and a U-tube (filled with Ascarite) 
were used to collect the condensable components and to absorb 
the co2 , respectively, from the gas coming from the anodic 
compartment of the cel.l. 
2. Procedure 
The rest potential was obtained in the same manner as 
for the potentiostatic experiments. The stopcock between 
compartments was cl.osed and the current was adjusted to a 










Figure ~4. Current-partia~ pressure re~ation for the anodic 
oxidation of ethylene on Au at 80°C. { 0, 0.897 v, 
~ N H2S04; CD, 0.847 v, 1 N H2S04; ~, 0.~04 v, 










Current-partial pressure relation for the anodic 
oxidation of ethylene on 80Au-20Pt alloy at 80°C. 
( 0 I 0.872 v, 1 N H2S04; • , 0.822 v, 1 N H2S04~ 
~~ -0.071 v, 1 N KOH; ~~ -0.121 v, 1 N KOH; 
0 I 0.612 v, 1 N H2S04; • I 0.622 v, 1 N H2S04; 





















Fi<]Ure 16. Current-partial pressure relation for the anodic 
oxidation of ethylene on 60Au-40Pt alloy at 80°C. 
( 0, 0.872 v, l N H2 so4 ; • , 0.822 v, l N H2so4 ; 
~~ -0.071 v, 1 N KOH; ~, -0.121 v, 1 N KOH; 
0, 0.597 v, 1 N H2 so4 ; • , 0.547 v, 1 N H2so4 ; 








Figure 17. Current-partial pressure relation for the anodic 
oxidation of ethyleneon 40Au-60Pt alloy at 80°C. 
( Q, 0.872 v, 1 N H2so4 ; --, 0.822 v, 1 N H2so4 ; 
• , 0. 772 v, 1 N H2so4 ; f1, -0.071 v, 1 N KOH; 













Figure 18. CUrrent-partial pressure relation for the anodic 
oxidation of ethylene on 20Au-80Pt alloy at 80°C. 
( 0 I 0.897 v, 1 N H2S04; ~I 0.847 v, 1 N H2S04; 
• I o. 797 v, 1 N H2S04; ~I -0.096 v, 1 N KOH; 






































L. Water-sealed Gas Exit 
M. The:r:mometer 
N. Temperature Sensor 
o. Heating Tape 
P. Gas Proportioner 
Q. Ethylene Tank 
R. Nitrogen Tank 
s. Gas Trap 
T. Concentrated H2so4 
u. Ascarite 
v. Power Resistor 
Figure 19. Diagram of the apparatus used for galvanostatic studies 
in the anodic oxidation of ethylene. 
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supply. The efficiencies were determined at potentials in 
the linear Tafel region. The experiment was allowed to run 
for 10 hours to allow the system to reach steady state con-
ditions.. T:Q.e exj, t gas from the anodic compartment was then 
passed :~ro,~5lh the. gas trap, concentrated H2so4 to remove 
any residual water, and a U-tube containing a measured amount 
of Ascarite. The weight gained by the Ascarite during the 
remaining period •of experiment was equal to the amount of co2 
produced by tbe oxidation. 
It was necessary to pass current for a day or more in 
order to produce a quanti~y of co2 that could be measured 
with'reasonabl.e accuracy. Frequent checks of the potential 
were made to insure that it remained. within the linear Tafel 
regi.on .• , 
\ 
The material: collected in the trap and a sample of the 
anolyte were analyzed with a flame-ionization gas cnromato-
graph. 
3. Data and Results 
All results of the coulombic efficiency studies in 
1 N H2~o4 are reported in Table VI. It can be seen the 
efficiency of co2 production decreased as the amount of Pt 
in the alloy decreased. On the Au electrode, no co2 was 
produced. At 0.1 atm ethylene partial pressure in 1 N H2so4 
on the 20Au-80Pt alloy, the efficiency was about one third 
of that at 1 atm. In other words, as the partial pressure 
of ethylene decreased, the overall conversion to co2 also 
TABLE VI 
COULOMBIC EFFICIENcY OF C0 2 PRODUCTION FOR THE ANODIC 







IN 1.0 N H2 so4 AT 80°C 





































decreased. Th,e anode ::;iUrface was still clean and no dis-
coloration occurred in the anolyte after the experiment had 
run for two or three days. Due to the abbreviated Tafel 
region, no measurable amounts of C02 could be produced in 
alkaline ,~·elution.· even aft~r operation for several days. 
4. By-Product Analysis 
'· The by~products from the anodic compartment collected 
in the trap and analyzed by g.c. were found to be acetalde-
hyde. It was produced on both Au and Au-Pt alloy electrodes. 
There apparently is a branching in th.e reaction by which 
e~ther a partial oxidation product, acetaldehyde, or the 
total oxidation product, co2 , can be formed. This branching 
probably occurs after the rate determining step. 
5. Sample Calculations 
I 
The calculations in this section are based on the follow-
ing equation for complete oxidation of ethylene to co2 in 
acid solution: 
The data used are taken from Table VI for the 31-hour effi-
ciency study in 1 N H2so4 at 1 atm ethylene pressure on the 
20Au-80Pt electrode. 
The theoretical amount of co2 formed per Faraday of 
charge can be calculated by an expression derived from 
Faraday's law: 
57 
wt = 2 it (44) 12 F (3. 3) 
\. 
The faradaic efficiency is defined as the actual amount of 
co2 formed duriizlg an experiment divided by the theoretical 
amo~nt formed if the oxidation were complete. Substituting 
numerical values: · 
{2) (0.005) (31) (3600) 
(12}{96,500) (44) - 0.04241 gm 









It is evident from t~e experimental work that there is a 
transition region (inflection point} in some of the Tafel 
curves. This indicates a change in the reaction mechanism. 
Thus, in acid solutions on Au and above the transition region 
on Au-rich a~loy.$, the mechanism is different from that in 
basic solutions on other electrodes of the Au-Pt system. 
Phenomenologically, the Au-rich alloys behaved similarly to 
Au as did the Pt-rich alloys·to Pt. This has also been 
b d . f . d t• t d" 25 o serve ~n sur ace ox~ a ~on s u ~es • 
The discussion is presented in three major sections. 
(1) Summary of experimental results, (2) deduction of the 
mechanism, and (3) correlation of experimental data with the 
proposed mechanism. Due to the nature of the observations, 
it seems expedient to discuss separately the experimental 
observations above and below the transition region. 
A. Summary of Experimental Results 
· 1. Current-Potential Studies· 
Tafel slopes obtained in acid solutions on Au and above 
the transition region ·on Au-rich alloys were found to be 
rv70 mv. In basic solutions and below the transition region, 
the slopes were rvl40 mv. These normally fix the rate deter-
.miningi steps as ·a chemica.l reaction following the first elec-
tron tians·fer in the former case and as the first electron 
59 
transfer in~~the' latter. Since the products of this study were 
varied, nei~~r the reversible po~entials nor the correspond-
ing exhan~ currents could be calculated~ The pH dependence 
of current, a log i/a pH, was approx~mately zero in strong 
acid solutions and unity in strong base solutions on the Au-
Pt alloys. 
2. Temperature Studies 
' :;:: ' f $ 
Appa~ent activation energies calculated from the temper-
ature studies ranged from 17 to 28 Kcal. They were consist-
ently higher in basic solutions than in acid. Values of 
(a Ea/a V) fell into two groups corresponding to F and aF 
Kcal/vol t. This is. i:n agreement with the different Tafel 
slopes, which suggest some change or alteration in the re-
-
action mechanism. The chemical (zero over-potential) acti-
vation energies could not be evaluated because of the in-
ability to calculate the reversible potentials as mentioned 
previc;>usly. 
3. Partial Pressure Studies 
The partial pressure studies showed that the current 
decreased as the partial pressure of ethylene decreased in 
all solutions on all electrodes, i.e., ai;ap > o. 
4. Carbon Dioxide Efficiency Studies 
It was found from the efficiency studies in 1 N H2so4 
that the relative amounts of the co2 produced decreased as 
60 
th:e Pt eontent ·of the alloy de~creased. On Au, no co2 was 
produced. , 1Due rbo the smal.l amounts of co2 involved as a 
consequence of the small limiting currents, it was not pos-
sible to determine·efficiencies in basic solutions. 
5. By-Product Analysis 
Acetaldehyde (identified by gas chromatograph) was found 
to be the only other product. It was produced on both Au and 
Au-Pt alloys in acid solutions. No analyses were possible 
in basic solutions due to reasons stated previously. 
B .•. Postulation of a Reaction Mechanism 
1. Adsorption of Ethylene 
Two modes of ethylene adso~ption, associative and dis-
sociative, have been examined from the point of view of the 
t . f d . 6,26 energe ~cs o a sorpt~on • In associative adsorption, 
the double bond is opened and the orbitals are released to 
form bonds with the metal, i.e., 
{4 .1) 
Alternatively, hydrogen may be split off with the double 
bond remaining intact (dissociative adsorption), i.e., 
' 




Evidence of both associative and dissociative adsorption in 
the gas phase has been reported, although associative adsorp-
tion is favored on the basis of energy considerations. 
In electrosorption, the process of dissociative adsorp-
tion may be better represented as 
+ 2 H+ + 2 e (4.3) 
in the pote~tial region where hydrocarbon oxidation occurs. 
Thus,, tqe energies of ionization and solvation of hydrogen 
~'~ ~-
and q proton respectively, a$ well as the electronic work 
~' l ' .. ' . 
function of the metal; have to be consid~red.. Taking all 
~ ,. . 
these factors into account, the associative mode of adsorp-
. ; f Y. ' 
26 tion is still found to be more pr~bable • 
Further support for associative adsor~tion of ethylene 
is obtained from.comparison of the kinetics of the anodic 
oxidation of ethylene and acetylene. The species left on 
the surface in the dissociative adsorption of ethylene would 
be an adsorbed acetylene moleq~le. Thus, dissociative adsorp-
tion should lead to the same kinetic behavior for ethylene 
0 . ' 
and acetylene, which has not been found experimentally6 ' 27 • 
Based on steric considerations as well as taking into 
account the covalence with d-band vacancies as being respon-
sible for ethylene chemisorption, the ~odel of adsorption 
involves four surface sites of Pt per molecule of ethylene6 • 
. ·' .: 
The adsorption isotherm (assuming Langmuir-type adsorption) 
is then of the form 
or, = k p p E 
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(4.4) 
the values of K have been estimated as 2.3 < K < 150. 
. ' .. .. p - p 
~t has.a~o been shown that the physical properties of 
., .• ' ~> ' ~ 
Au and p~.q.~q tll.eir behavior for the anodic oxidation of 
ethylenQ ar~ sLmilar7 • Pd has 0.55 vacant d-orbitals per 
atom availabl,.e,for covalent bonding as does Pt, but Au has 
none. Th11s, if d-orbitals are important for adsorption, one 
~9u.:J.P, ~~ect Pd and Pt to behave similarly.in oxidation 
studies and for no r.e~,c;:ti-on to occur on Au. Such is nat 
the case as studies with acetylene on Au showed bath high 
CUrl7erits and coverag~s of acetylene24 • This may be associ-
ated with the energy required for d-s promotion which is 
uniquely small (3.25 ev) for Au. It is possiple that such 
promotion accompanies chemisorption, creating d-band vacan-
cies and hence allowing covalent bonding28 
The mechanism of associative adsorption postulated for 
ethylene on Au would involve a f:w:o point attachment. However, 
due to tile size of the ethylene molecule and the inter-atomic 
distances of .the .. Au atoms, it is probable· that the ethylene 
~ • •• . r 
blocks. t~ Q:r more adjacent sites. Therefore, Langmuir .iso-
ther~ £err; ~ adsorption of ethylene on Au and Au-Pt alloys 




where n can be equal to 2or more (possibly 4, 6, or 8). 
The heat of adsorption of ethylene on various metal films 
from 'the gas phase has been found to depend on the position of 
the metal in the periodic table29 • No data are available for 
Pt but values of -21 and -58 Kcal/mole have been obtained for 
Au and Ni, respectively. The low value of the heat of adsorp-
tion on P't from solution, 0 ± 4 Kcal/mole, observed by Gileadi 
et al., was interpreted·in terms of the replacement of water 
molecules from the. surface and, to a small extent, the energy. 
of solvation of ethy1..e:ae26·• It was represented as 
'' 
These hypotheses will be considered later in testing the 
pressure relationship that results from the propose~ reaction 
mechanism. 
2. Reaction Mechanism 
The rate determining step in acid solutions on Au and 
above the transition region on Au-rich alloys* must have the 
following characteristics (1) be a chemical reaction follow-
ing the first electron transfer since the Tafel slope is 
2. 3 RTYFI '· (2) involve adsorbed ethylene, or species derived 
*It should be kept in mind 'that''the transition region existed 
only on alloy electrodes in strong acid solutions. 
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therefrom since 3ijap > 0, and (3) exhibit no pH dependence 
in strong acid solutions. 
In basic solutions and below the transition region on Au 
and Au-Pt alloys*, the rate determining step must: (1) be the 
first electron transfer since the Tafel slopes are 2(2.3 RT/F), 
(2) involve adsorbed ethylene, or species derived therefrom 
since C3i/3p > 0, and (3) exhibit no pH dependence in strong 
acid solutions but show a unity pH dependence in basic solu-
tions. 
There is apparently branching in the reaction or parallel 
reactions by which acetaldehyde (partial oxidation product) 
anc;t/or co2 (total oxidation product} are produced. If branch-
ing is the case, it most likely occurs after the rate deter-
mining step since the r.d.s. apparently occurs in the early 
part of the reaction sequence. 
In the kinetics of simplified open reaction sequences, 
each step in the sequence is taken to be simple and first 
order with respect to the involved species. All steps prior 
to the r.d.s. are considered to be in equilibrium. Steps 
after the r.d.s. are not considered to be in equilibrium as 
their forward rates are greater than that of the r.d.s. 
The following reaction scheme was proposed by Dahms 
et a1. 7 , and has been applied here to the reaction sequence 









+ This mechanism involves the,aJ:?sumption of a c2H4 (carbonium 
ion) intermediate. Evidence that reactions with these species 
cou1d be slow arise fro:m,.·.theci!ll: st-abilization by solvation7 • 
From the quasi~equi~ib~ium in reaction 4.8 
(4 .11) 
Thus, the rate of anodic oxidation of ethylene can be 
expressed as 
(4 .12) 
In basic solutions and below the transition region on Au 
and Au-Pt alloys, the first electron transfer is the r.d.s. 
A reaction sequence which is qualitatively consistent with 
all requirements is represented by 
~2H4 (sol)< > c2H4 (ads) (4.13)· 
:. ~ & • 
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, . [021!4 (ads) + H2o-> C2H40H {ads) + H+ + e (4.14a) 
r.d.s. 
c2H4 (ads) + OH--> c2H40H {ads) + e (4.14b) 
c 2H4oH (ads)~ ~'f?~co2 , CH3CHO, H+, and electrons 
{ 4 .15) 
Using this sequence the rate of the anodic oxidation 
of ethylene in basic solutions and below the transition region 
on all electrodes can be expressed as 
{4 .16) 
Equation 4.12 and 4.16 can ~ow be tested by their ability to 
correlate the exper~~ntal da~a. 
' f "' '~ ~~ i! 
c. Correlation of Experimental-:R~sults with the Theoretical 
Rate Equations 
This section consists of correlating the experimental 
data with derived rate equations. An ability of these 
' ' 
equations to correlate the data would lend support to the 
validity of the proposed rnechani$~. 
\ ~ 
·1. ·Current-Potential Relationship 
Takinf!J.the logarithm.of both sides of equation 4.12 
{4.17) 
·The partial differential of V with respect to log i from 
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2. 3 RT 
F = 70 mv (for 80°C) (4.18) 
A similar treatment o£ equation 4.16 yields 
a v 
a log i = 
2. 3 RT 
a.F = 140 mv (for 80°C) 
'l.'hus, the values of the theoretical and experimental 
Tafel slopes agree. 
2. Current-pH Relationship 
( 4 .19) 
Values of current density determined from the experi-
mental data on the alloys and the corresponding pH for a 
potential of 0.4 v are shown in Figures 20 to 23. These 
values were obtained by extrapolating the linear Tafel regions 
to a potential of 0.4 v. 
Equation· 4.12 shows the rate to be independent of pH, 
i.e., 
a log i = 
a pH 0 ( 4. 20) 
Considering the term [nF GE exp(ai~J], in equation 4.16 to 
be constant, then 
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Figure 20. Comparison ·Of the theoretical and experimental effect of electrolyte pH on 
current density (V = 0.40 v) for the anodic oxidation of ethylene on 80Au-20Pt 
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Comparison of the theo:retical and experimental effect of electrolyte pH on 
current density (V = 0.40 v) for the anodic oxidation of ethylene on 
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Comparison of the theoretical and experimental effect of e,lectrol:yte pH on 
current density (V = 0.40 v) for the anodic oxidation of ethylene on 40Au-60Pt 
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Comparison of the theoretical and experimental effect of electrolyte pH on 
current density {V = 0.40 v) for the ~odic oxidation of ethylene on 20Au-80Pt 




a 19 g i _ 
a pH 
1 
k4.14a aH 0 ~--------2-- + 1 
k4.14b aOH-
( 4. 22) 
The value of k 4 . 14a aH20 can be calculated from the experi-
mentally measured current in 1 N H2so4 where the contribu-
tion to the current from OH- discharge would be negligible 
due · to ;i ,ii;s low concentration. The term k 4 • 14b can be calcu-
lated using similar data from 1 N KOH assUJ."lling the value of 
k 4 _14a aH20 to be correspondingly insignificant. These 
predicted current-pH dependence are also shown in Figures 20 
to 23. 
The experimental values differ slightly from the theo-
• •-t., ' 
retical values. However, the trend is correct and errors of 
these magnitudes could easily arise from the extrapolation 
of the Tafel curves and from the assumption that eE was 
independent of potential. 
3. Tef9Perature S't'udies 
- ' 
The variation of the apparent activation energy with 
potential in acid solutions on Au and above the transition 
. ' 
region on Au-rich alloys can be found from equation 4.12. 
The term k 4 _9 is equivalent to a chemical rate constant .which, 
by use of the Arrhenius relationship, can be expressed as 
' · .; • ' ' • ' • < 
A • exp(-Ea/RT). Substituting for k 4 • 9 and taking the deriv-
. ' ' 
' ' . 
tive of the log of both sides of equation 4.12 with respect 
.. . . .•.. 
to (1/T), one obtains 
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t 
-E a log i ..... 
a (1/T) a ... + FV = 2.3 R 2.3 R 
-E 
a 
2.3 R (4.23) 
Using this expression, the variation of the apparent activa-
tion energy with potential is found to be 
- -F - -23.06 Kcaljvolt (4.24) 
A similar treatment of equation (4.16) gives 
.... -etF - ~11.53 Kcaljvolt { 4. 25) 
for basic solutions and below the transition region on all 
electrodes. These values agree well with that obtained 
experimentally. (See Table V). 
4. Partial Pressure Studies 
The mode of ethylene adsorption during the reaction 
has already been discussed. Qualitatively, a positive 
pressure effect was observed on Au and Au-Pt alloys in both 
acidic and basic solutions •. 
For the case represented by· equation 4. 12 (in acid 
solutions on Au and above the transition region on Au-rich 
+ 
alloys) , the reaction rate depends on the coverage of c2H 4 , 
'W'lhich can be related to eE. Since carbonium ions readily 
react with wat.er {not necessarily adsorbed) , the number of 
points of attachment ,o,f ethylene to the electrode surface 
can be assumed· to be either two or four. 
::r.n the case of equation 4. 16, H2o (or OH-) may undergo 
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discharge only when it is adsorbed adjacent to an adsorbed 
ethylene molecule, so the rate of reaction also depends on 
GE~ However, the eE term will include not only the sites 
occupied by the ethylene, but also those next to it that are 
necessary for water discha~ge. Therefore, an adsorption 
isotherm involving four to eight adjacent sites would be 
feasible. 
In order to correlate the ethylene partial pressure 
with current, e E was calculated as a function of pressure 
using equation 4.5. Appropriate values of n and K p were 
found by trial and error. .For illustration, the results 
from an adsorption isotherm using four point attachment 
(n = 4) are shown in Figure 24 for various values of K • p 
The·current was calculated with the appropriate value of 
eE for each case and compared to the experimental value • 
Th . d h b d . b d . 1 30 d d · 1s proce ure as een escr1 e prev1ous y an was use 
to find values of n and Kp that would best correlate the 
data. 
For equation 4.12, n = 4 and Kp = 1 and 5 for Au and 
Au-rich alloys, respectively, give the best agreement with 
the experimental data. 
For equation 4.16, it was found that both four and 
eight point attachment with appropriate values of Kp fit 
the data within experimental limits. Eight point attachment 
would seem more. feasible considering the additional sites 
required f.or H2o (or OH-) discharge. A further decrease in 
pressure might assist in selecting the best value of n if 
0 
Figure 24. 
0.2 0.4 0.6 0.8 





there were not current limitations on the experiments. 
The calculated values of current versus partial pressure 
are shown in Figures 25 to 29 along with the experimental 
data for comparison. The agreement is considered to be quite 
good.. 
Adsorption of ethylene in basic solutions is thought to 
depend on potential with desorption occurring at higher 
potentials30 • This is consistent with the abbreviated Tafel 
curves and a greater ease of formation of passivation oxides 
observed in these studies in basic solutions. 
The different reaction parameters in acid and basic 
solutions on Au arise from the r.d.s. changing from the 
first electron transfer to a chemical reaction following the 
first electron transfer. In acid solutions, the potential 
is high. (positive) enough to cause the adsorbed ethylene 
molecules to give up an electron, thereby forming the c2H: 
intermediate. At lower potentials, H2o (or OH-} is dis-
charged when adsorbed adjacent to an adsorbed ethylene mole-
cule, such is the case in basic solutions. A phenomena 
similar to this has been observed for oxygen reduction on 
Au32. 
The observed change in the reaction from one r.d .. s. 
occurring at lower potentials to another at high potentials 
occurs on Au-Pt alloys. At lower potentials, H2o (or OH-) 
is discharged when adjacent to adsorbed ethylene molecules 
and further reacts with the ethylene. When the potential 











Figure 25. Comparison of the theoretical and experimental effect of 
partial pressure on current density for the anodic oxi-
dation of ethylene on Au at 80°C. (---, equation 4.12, 
n = 4, K = l; --, equation 4.16, n = 8, K = 1; p p 

















Comparison of the theoretical and experimental effect of 
partial pressure on current density for the anodic 
oxidation of ethylene on 80Au-20Pt alloy at 80°C. 
(---, equation 4.12, n = 4, K = 5; -, equation 4.16, p 
n = 8, K = 10;-·-, equation 4.16, n = 8, K = 100; p p 















Comparison of the theoretical and experimental effect 
of partial pressure on current density for the anodic 
oxidation of ethylene on 60Au-40Pt alloy at 80°C. 
(---, equation 4.12, n = 4, K = Si-- 1 equation 4.16, p 
n = 8, K = 10;---, equation 4.16, n = 8, K = 100i p p 
0 , e , b.., A , 0 , 8 , experimental data) 











Comparison of the theoretical ~~d experimental effect 
of partial pressure on ~urrent density for the anodic 
oxidation of ethylene on 40Au-60Pt alloy at sooc. 

















Comparison of the theoretical and experimental effect 
of partial pressure on current density for the anodic 
oxidation of ethylene on 20Au-80Pt alloy at 80°C. 
(--, equation 4.16, n = 8, K = 5; 0 , Q , e , 6. , A , p 
experimental data) 
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the reaction with oH· is inhibited possibly due to the poten-
tial influence in removing electrons from adsorbed ethylene 
to form the carbonium ions. This is the transition region. 
Further increases of potential supply the required energy 
+ t9 completely remove the electrons to form the c2H4 on the 
electrode surface. The deficiency of electrons in the 
ca_:rbonium. i,on which are necessary for covalent bonding re-
tards the reaction with oH·, thus allowing the reaction to 
proceed directly between the carbonium ion and water. 
The Tafel slopes above the transition region are ob-
sery~d to increase in going from Au-rich to Pt-rich alloys. 
~~is can be explained on the basis of separate reactions 
9~cu+ring on the Au-rich and Pt-rich phases present in the 
alloys in which the compositions are the same but their 
+~lative amounts are changing from one electrode to another. 
This indicates the carbonium ion to be formed primarily on 
Au-rich phases (where the electron can be most easily removed) 
leading to acetaldehyde as a product and reaction by H2o 
(or OH-l discharge to form co2 on Pt-rich phases (where 
electrons could only very difficultly be removed). The 
geometric summation of currents on these phases with Tafel 
slopes of 70 and 140 mv respectively would give pseudo Tafel 
curves with slopes varying between 70 to 140 mv in going from 
predominately a 2-phase to predominately a.1-phase. This is 
consistent with the experimental observations on Au, Pt and 
A,;q-~t, g.:J.J,oy· electrodes. 
';>• ' 
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5. Reaction Products 
The explanation for the incomplete oxidation of ethylene 
on Au and Au-Pt alloys is probably that presented by Dahms 
et a1. 7 Their reasoning involved th~ bond strength between 
the metal electrodes and the adsorbing hydrocarbons. Using 
Pauling's equation, the covalent bond strength between a 
metal and a carbon atom is16 
(4.26) 
The heats of sublimation for.Au and Pt, approximately equal 
to their bond energies, are given in Table II. The electro-
negativiti~s of Au, Pt, and C are 2.54, 2.28 and 2.55 
respectively33 .: ·Ethylene has one 1T bond and one cr bond. One 
may assume, as an approximation, that the energy required to 
' . 
break the 1T bond is ~ 63 Kcal (the difference in the bond 
energy of C ~,C and c-c) 33 • According to the associative 
adsorption model, the 1T bond is broken when ethylene is 
adsorbed. The strengths of the respective metal-carbon bonds 
on AU ahd Pt are: 
EAp-C - ~ (84 + 63) + 23.06 (2.55- 2.54) 2 
'' 
- 73.5 Kcal 
EPt-C - ~ (135 + 63) + 23.06 (2.55 - 2.28) 2 
- 100:68 Kcal 
' . 
(4.27) 
( 4. 28) 
There ·are two metal-carbon bonds formed in each case from the 
ethylene ~ bond rupture. This leaves for the adsorbed 
ethylene, one c-c cr bond and two carbon-metal bonds. In 
the case of Pt, the next most probable bond rupture would 
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be the c-c cr bond (rv 83 Kcal versus rv ·101 Kcal for Pt-e 
bond). The Au-C bond stre1:1gth ("' 74 Kcal) is less than that 
of C-C cr bond. Therefore, it is possible that the metal-
carbon bond for Au could be broken before the c-c cr bond, 
thus allowing a partially oxidized ethylene molecule to be 
de sorbed. 
The intermediate oxidation product of Au is acetaldehyde 
and no co2 is produced. The co2 produced on Au-Pt alloys is 
proportional to the Pt content and is apparently balanced by 
· the acetaldehyde. 
6. Comparison of Electrocatalytic Activity 
The Au-Pt system, studied by Darling et al., is shown 
in Figure 3034 It indicates that below 1260°C, the mutual 
solubility of Au and Pt becomes limited and the solid solu-. 
tions separates into Pt-rich (a1 ) and Au-rich (a2 ) phases. 
At lower temperatures, it can be seen that the composition 
of the a 1-phase approaches that of pure Pt, and the a 2-phase 
that of about 80 percent Au. (Relative amounts of these 
phases for the alloys studied were given in section B, 
Chapter II) • 
It is likely that the reaction rates on the alloys are 
related to the relative amounts of the individual phases. 












0 20 40 60 80 100 
per cent, Au 
Figure 30. 
. 34 
Equilibrium diagram for the Au-Pt system. 
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( 4. 29) 
Values of iT have been calculated for each alloy at 0.4 v 
and are shown in Figure 31. The reaction rates on the 
metals are also included for comparison:. 
Comparison of the theoretical and experimental values 
shows fair agreement considering the approximations used to 
evaluate the rates on the separate phases. It can be seen 
.that a small amount of Pt added to Au increases the electro-
activity of the metal over ten times in basic solution and 
over 10 4 times in acid solution. A further increase of the 
Pt component increases the activity to some extent, but not 
so dramatically. 
Due to the heterogeneity of the alloys, it does not 
seem possible to relate the d-band vacancies to the bulk 
compositions, therefore, one has not been attempted. It is 
contemplated that an extension of this work will be an 
attempt to produce solid-solution alloys for use in such 
studies. 
7. Comparison of the Electro-Oxidation Rates of 
Ethylene and Acetylene 
A comparison of the studies on Au24 and Pt6 , 27 shows 
that the currents resulting from acetylene electro-oxidation 
are significantly higher than those from ethylene. As this 
is of considerable interest, a brief discussion of possible 
explanations follows: 







20 40 60 80 100 
per cent, Au 
Comparison of the electrocatalytic activity of 
electrodes from the Au-Pt system for the anodic 
oxidation of ethylene at 80°C. (---, equation 4.29, 
0 r 1 N H2so4 , 1::::,., 1 N .KOH) 
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aqueous solutions is smaller than that of acetylene35 • Since 
the coverage of a species is related to its bulk concentration 
in solution, it is expected that the coverage of adsorbed 
acetylene', would be higher than ethylene possibly giving higher 
currents on· Au. 
(2) -· Ac<:essibili ty to Adsorption Sites Acetylene is more 
accessible to the active sites on the metal surface than 
ethylene due to the size of the molecules. The low value of 
limiting coverage is often claimed to be due to inactive 
sites or small crevices on the surface. A fraction of the 
sites may be unavailable for adsorption, either due to a 
different degree of affinity of the surface atoms for the 
adsorbent (inactive sites) or due to some of the sites being 
inside small crevices inaccessible to the larger organic 
molecules. The relative number-of inactive sites would be 
expected to increase as the size of the adsorbing molecules 
increases. 
(3) Mode of Adsorption. As discussed previously, the 
adsorption by hydrocarbon from solution can be int~rpreted 
in terms of replacement of water molecules on the metal 
surface. Within limits, the lower the energy required for 
hydrocarbon adsorption, the easier it is for the hydrocarbon 
to ~eplace the adsorbed water molecules on the surface. 
Acetylene has two ~ bonds and one cr bond. The energy required 
to break the first 'IT bond is "' 54 Kcal (the difference in bond 
energy of .C:=C and C=C). Assuming that the first 'IT bond is 
broken when acetylene is adsorbed, and using Pauling's equation, 
the bond strength of Au-c for acetylene adsorption is rv 69 
Kcal. Therefore, acetylene molecules could replace 'lrlater 
molecules on the metal surface more easily than ethylene 
(rv 7 4 Kcal) . Unfortunately, no reliable data on the 
adsorption energy of water on Au are available. Similar 





It may be expected on the basis of the equilibrium 
di~ram for Au-Pt alloys that different methods of prepara-
tion or heat treatment lead to-different phase compositions 
wlt~ln the; alloy. Thus,. correlations. between catalytic or 
~lectrochemica1 properties and certain properties of the 
bulk,. for instance,. the d-band character, is not possible. 
Attempts should be made to produce electrodes that consist 
.of ·fl. homogeneous solution of Au and Pt to see if d-band 
character is an important consideration. Alloys of Au with 
other noble .. and non-noble metals which show catalytic 
~ctivity (e.g-., Fe., Co, Ni, etc.) might give valuable 
" ~ ' • ,f 
insight to the effect of d-band filling on the electro-
catalyti'c activity. 
· ':F~rther ~tudies with other hydrocarbons should be o£ 
interest •. In order to take advantage of the reactiveness of 
compounds with unsaturated bonds, substituted· acetylenic 
and :ethylenic ·· compounds should be used as far as possible. 
~he re~c~~on prod?cts should be particularly scrutinized 
for possible syntheses using electrochemical oxidation. 
This could bi9 one of the more important aspects of the study. 
It :was, recently emphasized by Dr. G. E. Evans of Union 
' ~/ , ' ,. ~ 
Carbide corporation, that £uel cells will ultimately be used 
; priittaril.y. as'' :reactors to produce various chemicals and that 
the electricity generated during the process will be 
considered only a by-product~ 6 
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~ = Frequency factor in Arrhenius equation 
a.t.r.= Above transition region 








Concentration of ethylene in 
,. 
Apparent activation energy, 




Ec-c -Carbon-carbon bond energy, Kcal 
EM-C - Metal-carbon bond energy, Kcal 
EM-M - Metal-metal bond energy, Kcal 
94 
gmole/cm 3 
F -Faraday constant, 96,500 coulombs/equiv.= 23.06/v•equiv. 
f . 
. 1 = Fraction of a 1-phase in solid solution 
f 2 - Fraction of a 2-phase in solid solution 















Kc - Concentration equilibrium constant 
KP - Pressure equilibrium constant 
P.Z.C.= Potential of zero charge 
PE = Partial pressure of ethylene, atm 
R = Gas constant, 1.987 caljgmole•K0 




SHE = Standard hydrogen electrode 
T - Absolute temperature °K 
V = Potential, volt 
W - Experimental co2 formed for oxidation, gm e 
Wt =Theoretical C02 formed for·complete oxidation, gm 
~1 = Pt-rich phase in solid solution 
c 2 - Au-rich phase in solid solution 
eE ~ Fraction of total active sites covered with ethylene 
.eT ~Fraction of total active sites covered with 
chemiso~bed species 




The following is a list of the materials and reagents 
used in this investigation. A detailed analysis of the 
reagen·ts may be obtained from the chemical catalogue of the 
respective supplier. 
1. Acid, Sulfuric. Reagent grade, Fisher Scientific 
·co., Fairlawn, N.J. 
2. Ascarite. 8 to 20 Mesh, Arthur H. Thomas Co., 
Philadelpha, Pa. 
3. Ethylene. C.P. grade, 99.0% min., Matheson 
Scientific Co., Joliet, Ill. 
4. Gold. (0.003 in. thick sheet) Engelhard Industries 
Inc., Newark, N.J. 
5. Gold-Platinum Alloy. (0.003 in. thick sheet) 
Engelhard Industries Inc., Newark, N.J. 
6. Mercurous Chloride. Reagent grade, Fisher Scientific 
Co., Fairlawn, N.J. (used in reference electrode) 
7. · Mercur.ous Sulfate. Reagent grade, Fisher Scientific 
Co., Fairlawn, N.J. (used in reference electrode) 
8. Nitrogen. Prepurified grade, Matheson Scientific Co. 
Joliet, Ill. 
9. Potassium Chloride. Reagent grade, Fisher Scientific 
CO., Fairlawn, N.J. (used in reference electrode) 
10. Potassium Hydroxide. Reagent grade, Fisher 
Scientific Co., Fairlawn, N.J. 
11. Potassium Sulfate. Reagent grade, Fisher 




The following is a list of the principal components 
used in this investigation. 
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1. Ammeter. Ultra high sensitivity volt-ohm-· 
microanuneter, Simpson 269, Simpson.Electric Co., Chicago, Ill. 
2. Electrometer. Multi-range type, Model 610B, 
Keithley Instruments Inc., Cleveland, Ohio. 
3. Gas Chromatograph.·Model 810 Research Chromatograph, 
F & M Scientific Corp., Avondale, Pa. 
4. Gas Proportioner. Matheson Model 665, Dual-flow 
control, Matheson Scientific Co., East Rutherford, N.J. 
5. Potentiostat. Wenking 66TS1, Gerhard Bank Elektronik, 
Gettinger, West Germany. 
6. Power Supply. Sorensen, QRB (0.75 amp, 40 v) D.C. 
power suppl.y, Raytheon Co., South Norwalk, Conn. 
7. Recorder. Laboratory Recorder V.O.M.-5, Bausch & 
Lomb Incorp., Rochester, N.Y. 
8. Temperature Controller. YSI Thermistemp Model 71, 
. ' 
Yellow Springs Instrument Co., Yell.ow Springs, Ohio. 
APPENDIX D 
· DATA 
The following tables include the data obtained in the 
current-potential studies, current-temperature studies, 
and current-partial pressure studies. The listed current 
can be converted to current density by dividing by the 
geometric surface area of the electrode. 
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TABLE VII 
CURRENT-POTENTIAL VALUES FOR THE ANODIC OXIDATION OF 
ETHYLENE ON Au AT 80°C (P = 1 atm) 
E 
1 N H2so4 H2so4-K2so4 Mixture H2so4-K2so4 Mixture 
pH= 0.35 pH = 1.4 pH = 3.0 
Potential CUrrent Potential Current Potential current 
v(SHE) rna v(SHE) ma v (SHE) ma 
0.747 0.0].0 0.747 0.011 0.547 0.008 
0.794 0.042 0.797 0.040 0.597 0.013 
0.822 0.1].0 0.822 0.090 0.647 0.020 
0.847 0.295 0.847 0.240 0.697 0.038 
0.872 0.750 0.872 0.560 0.747 0.138 
0.897 2.60 0.897 1.50 0.797 0.400 
0.947 5.90 0.947 3.70 0.847 0.770 
0.997 13.0 0.997 7.50 0.897 1.20 
1.047 22.0 1.047 14.0 0.947 1.63 
TABLE VIII 
CURRENT-POTENTIAL VALUES FOR THE ANODIC OXIDATION OF 
ETHYLENE ON Au AT 80°C (PE = 1 atm) 
K2so4-K2co3 Mixture 











































CURRENT-POTENTIAL VALUES FOR THE ANODIC OXIDATION OF 
ETHYLENE ON 80Au-20Pt ALLOY AT 80°C (P = 1 atm) E 
1 N H2so4 H2so4-K2so4 Mixture H2so4-K2so4 Mixture 
pH= 0.35 pH = 1.4 pH = 3.0 
Potential Current Potential Current Potential Current 
v(SHE) ma v(SHE) ma v(SHE) ma 
0.422 0.0055 0.397 0.004 0.347 0.0045 
0.447 0.011 0.447 0.009 Q.397 0.010 
0.497 0.025 0.497 0.0165 0.447 0.0195 
0.547 0.0505 0.547 0.029 0.497 0.039 
0.597 0.103 0.597 0.090 0.547 0.100 
0.647 0.195 0.647 0.180 0.647 0.470 
0.697 0.200 0.697 0.225 0.697 0.440 
0.747 0.210 0.747 0.245 0.722 0.430 
0.797 0.640 0.797 0.430 
0.847 2.70 0.847 1.15 
0.872 6.0 0.897 2.80 
0.897 8.80 0.922 2.70 
0.922 8.so 
TABLE X 
CURRENT-POTENTIAL VALUES FOR THE ANODIC OXIDATION OF 
·ETHYLENE ON 80Au-20Pt ALLOY AT 80°C {P = 1 atm) E 
K2so4-K2co3 Mixture 1 N K2co3 1 N KOH 
pH = 10.1 pH = 10.9 pH= 12.7 
Potential Current Potential Current Potential current 
v(SHE) ma v(SHE} ma v{SHE) ma 
0.029 0.,005 -0.096 0.0045 -0.171 0.010 
0.054 0.008 -0.071 . 0.007 -0.146 0.017 
0.079 0.012 -0.046 0.012 -0.121 0.026. 
0.104 0.015 -0.02.1 0.0165 -0.096 0.048 
0.129 0.018 0.004 0.024 -0.071 0.068 
0.154 0.018 0.029 0.040 -0.046 0.082 
0.179 0.016 0.054 0.045 -0.021 0.086 
0.079 0 .. 043 0.004 0.082 
0.129 . 0.042 
TABLE XI 
CURRENT-POTENTIAL VALUES FOR THE ANODIC OXIDATION OF 
ETHYLENE ON 60Au-40Pt ALLOY AT 80°C (PE = 1 atrn) 
1 N H2so4 



















H2so4 -K2so4 Mixture 








































CGRPBNT-POTENTIAL VALUES FOR THE ANODIC OXIDATION OF 
ETHYLENE ON 60Au-40Pt ALLOY AT 80°C (PE = 1 atm) 
K 2so 4 -K2co3 Mixture 










1 N K 2co 3 

























CURRENT-POTENTIAL VALUES FOR THE ANODIC OXIDATION OF 
ETHYLENE ON 40Au-60Pt ALLOY AT 80°C (PE = 1 atm) 
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1 N H2so4 H2so4-K2so4 ~xture H2so4 -K2so4 Mixture 
pH == 0.35 pH = 1.4 pH = 3.0 
Potential Current Potential Current Potential Current 
v (SHE) ma v(SHE) ma v(SHE) rna 
0.447 0.0075 0.447 O.OJ.O 0.347 0.004 
0.497 0.016 0.497 0.020 0.397 0.008 
0.547 0.029 0.547 0.046 0.447 0.016 
0.597 0.070 0.597 0.084 0.497 0.032 
0.647 0.175 0.647 0.240 0.547 0.094 
0.697 0.285 0.697 0.500 0.597 0.230 
0.722 0.365 0.747 0.780 0.647 0.480 
0.747 0.470 0.797 1.10 0.697 0.780 
0.772 0.760 0.847 2.10 0.747 0.800 
0.797 1.20 0.897 2.40 0.797 0.700 






CURRENT-POTENTIAL VALUES FOR THE ANODIC OXIDATION OF 
ETHYLENE ON 40Au-60Pt ALLOY AT 80°C (PE = 1 atm) 
K2so4-K2co3 Mixture 1 N K2co3 1 N KOH 
pH = 10.1 pH == 10.9 pH = 12.7 
Potential Current Potential Current Potential Current 
v(SHE) ma v(SHE) rna v(SHE) rna 
0.004 0.005 -o.071 0.012 -0.171 0.013 
0.029 0.008 -0.046 0.020 -0.146 0.018 
0.054 0.016 -0.021 0.032 -0.121 0.034 
0.079 0.023 0.004 0.049 -0.096 0.067 
0.104 0.031 0.029 0.055 -0.071 0.098 
0.129 0.033 0.079 0.054 -0.046 0.110 





CURRENT-POTENTIAL VALUES FOR THE ANODIC OXIDATION OF 
ETHYLENE ON 20Au-80Pt ALLOY AT 80°C (PE = 1 atm) 
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1 N H2so4 H2so4 -K2so4 Mixture H2so4-K2so4 Mixture 
pH = 0.35 pH = 1.4 pH = 3.0 
Potential Current Potential CUrrent Potential Current 
v(SHE) ma v(SHE) ma v (SHE) ma 
0.447 0.013 0.447 0.0075 0.447 0.026 
0.497 0 .. 024 0.497 0.015 0.497 0.050 
0.547 0.043 0.547 0.035 0.547 0.110 
0.597 0.082 0.597 0.077 0.597 0.245 
0.647 0.152 0.647 0.150 0.647 0.460 
0.697 0.280 0.697 0.283 0.697 0.700 
0.747 0.530 0.747 0.500 0.747 0.900 
0.797 0.860 0.797 0.960 0.797 1.60 
0.847 2.20 0.847 2.80 0.847 2.00 
0.872 3.90 0.897 4.40 0.897 1.40 
0.922 7.20 0.922 3.30 
0.947 5.00 
TABLE XVI 
CURRENT-POTENTIAL VALUES FOR THE ANODIC OXIDATION OF 
ETHYLENE ON 20Au-80Pt ALLOY AT 80°C (PE = 1 atm) 
K2so4 -K2co3 Mixture 1 N K2co3 1 N KOH 
pH = 10.1. Pli = 10.9 pH= 12.7 
Potential Current Potential Current Potential Current 
v{SHE) ma v{SHE) ma v(SHE) rna 
-0.053 0.011 -0.103 0.018 -0.221 0.014 
-0.028 0.015 -0.078 0.027 -0.196 0.024 
-0.003 0.023 -0.053 0.046 -0.171 0.042 
0.022 0.031 -0.028 0.072 -0.146 0.073 
0.047 0 .. 049 -0.003 0.110 -0.096 0.220 
0.072. 0.075 0.022 0.140 -0.071 0.290 
0.097 0.120 0.045 0.130 -0.046 0.310 




CURRENT-POTENTIAL VALUES FOR THE ANODIC OXIDATION OF 
* ETHYLENE ON SMOOTH Pt AT 80°C (PE = 1 atm) 
1 N H2so4 . 1 N KOH 
pH = 0.35 pH = 12.7 
Potential CUrrent Potential Current 
v(SHE) ma v(SHE) ma 
0 .. 447 0.017 -0.196 0.015 
0.497 0.034 -0.1.71. 0.025 
0.547 0.092 -0.1.46 0.038 
0.597 0.260 -0.1.21. 0.086 
0.647 0.610 -0.096 0.155 
0.697 1..10 -0.071 0.220 
0.722 1..40 -0.046 0.180 






* 2 Surface area = 12.5 em 
TABLE XVIII 
CURRENT-TEMPERATURE VALUES FOR THE ANODIC OXIDATION 




































CURRENT-TEMPERATURE VALUES FOR THE ANODIC OXIDATION OF 
ETHYLENE ON Au IN 1.0 N KOH (PE = 1 atm) 
Potential Temperature Current 
V(SHE) oc rna 





0.104 80 0.285 
75 0.165 
70 0.098 




CURRENT-TEMPERATURE VALUES FOR THE ANODIC OXIDATION OF 
































































CURRENT-TEMPERATURE VALUES FOR THE ANODIC OXIDATION OF 
ETHYLENE ON 80Au-20Pt ALLOY IN 1.0 N .KOH (PE = 1 atm) 
Potential Temperature Current 
v(SHE) oc ma 












CURRENT-TEMPERATURE VALUES FOR THE ANODIC OXIDATION OF 

































































CURRENT-TEMPERATURE VALUES FOR THE ANODIC OXIDATION OF 
































CURRENT-TEMPERATURE VALUES FOR THE ANODIC OXIDATION OF 



































CURRENT-TEMPERATURE VALUES FOR THE ANODIC OXIDATION OF 



























0 .. 0205 
0.012 
0.006 
CURREN'T-TEMPERATURE VALUES FOR 'I'HE ANODIC OXIDATION OF 



































CURRENT-TEMPERATURE VALUES FOR THE ANODIC OXIDATION OF 

































CURRENT-PRESSURE VALUES FOR THE ANODIC OXIDATION OF 































CURRENT-PRESSURE VALUES FOR THE ANODIC OXIDATION OF 































CURRENT-PRESSURE VALUES FOR THE ANODIC OXIDATION OF 







c2H4 Partial Pressure 
atm 
















































CURRENT-PRESSURE VALUES FOR THE ANODIC OXIDATION OF 































CURRENT-PRESSURE VALUES FOR THE ANODIC OXIDATION OF 







c2H4 Partial Pressure 
atm 
















































CURRENT-PRESSURE VALUES FOR THE ANODIC OXIDATION OF 






























CURRENT-PRESSURE VALUES FOR THE ANODIC OXIDATION OF 










































CURRENT-PRESSURE VALUES FOR THE ANODIC OXIDATION OF 






























CURRENT-PRESSURE VALUES FOR THE ANODIC OXIDATION OF 




0 .. 847 
0.894 
C2H4 Partial Pressure 
atm 
LO 

































CURRENT-PRESSURE VALUES FOR THE ANODIC OXIDATION OF 
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